I. INTRODUCTION
Mankind knows two ways of transmitting information, signals or power from one place to another, either by propagation along a line connecting the two places, or by propagation in open air. The latter requires the signal to be transformed from a circuit into a wave radiated by a transmitting antenna. The wave then propagates towards the receiving antenna, where it is transformed back into a signal to be processed further in circuits. In this paper we are engaged in the first variant, i. e., transmission of information by a line.
A transmission line is a technical tool for transferring a signal along a path routed in space, customarily by an abrupt change of the medium parameters such as conductivity, permittivity or permeability. The signal propagates along surfaces on which at least one of the above mentioned parameters changes rapidly. In the case of an abrupt change of the conductivity we have a metallic line. Dielectric lines are based on a change of permittivity and, by analogy, there is a change of permeability. We will consider metallic and dielectric lines, the most applied types of lines.
From the chronological point of view, the development of different types of lines was influenced by the frequencies of the available generators and by the way that the lines were produced. At first, the classic coaxial lines were used in the decimetre wavelength range, utilizing the propagation of TEM waves. The theory of wave propagation on a coaxial line has been perfectly and completely elaborated. The analysis and design of this line is therefore relatively simple. Nowadays coaxial lines are used up to 70 GHz.
The next stage in line development involves the waveguides successfully utilized up to now in cm and mm technology. Here again, the theory is complete, and it enables 'Jain Zehentner Planar technology has been developed in the last fifty years and has enabled the fabrication of printed circuit lines. These were first investigated in the framework of the quasi-static approach. Only propagation of the dominant modes was accounted for, and resulted in the closed-form formulae of the propagation constant and characteristic impedance valid at low frequencies. Next, the dispersion of the dominant modes was described with limited validity by various dispersion models. Several useful books are available [1] [2] [3] [4] [5] from that period. Finally, the full wave approach dominated and provided a realistic picture of the propagation of the bound modes, and at higher frequencies also the leakage effects. The leakage could be into the substrate or into the space. It needs to be suppressed in circuits, since leakage deteriorates circuit operation, but on the other hand it should be supported in antenna applications. To provide an insight into the physics of wave propagation along the line, and leakage, use is made of theoretical analysis, visualization of transmitted modes and measurements. A change in the cross-sectional size of a line, the material parameters or bending from the straight direction results in many types of inhomogeneities, which are sources of undesired radiation, power leakage and propagation of higher modes. Generally available SW packages devoted to analysis and design of these lines mostly have not taken these effects into consideration. They provide solutions satisfactory only for purely bound modes at low frequencies. At higher frequencies, when leakage effects or higher order modes appear, the designer must either accept the limits of the code validity, or rely on the results without being able to check them. This factor in many cases leads to discrepancies between theoretically predicted and measured characteristics of circuits or systems containing active devices or passive elements.
In the following sections we first introduce the well-known method of moments applied in the spectral domain finalized by a root search on the complex plane of the spectral variable used for analysis of However, it tumed out that the spectral domain method has become the most popular and widely used technique for analyzing planar transmission lines. The original approach was published in two short papers, one dealing with a slotline [8] and the second treating a microstrip line [9] . Many works have successfully demonstrated the power, accuracy and numerical efficiency of this method. Some terms used in the literature dealing with field propagation over the line were derived from this method, so it will be helpful to recall the main steps. We will explain briefly the procedure, for instance, on the slotline, Fig. 1 . (1) where kj is the wave number in the corresponding medium, j=1,2,3 in Fig Ez I(sr,h) = -kz2(; h) (9) Hxlsh) -Hx2( Jh) = -J-(4h) (10) Hz] sh) -Hz2 h^) =]x(4 h) (11) where Jx({,h), Jz(4,h) are current densities. The substitution of the integration constants into Eqs. (10) and (1 1) provides J-Z (;, h)= YZz(4)E_z]({,h)+ Yzx (;)E_x (¢,h) (12) Jx ({, h) = YX (¢)EzI (;, h)+ n (4)ixI (¢, h) (13) where Ymn (f) are Green's functions in the spectral domain.
We have two equations with four unknowns JZ, JX, Ezl, E-x .
Let kz](;,h), Exj The respective propagation constant depends on the integration path. Integration along the real axis provides the phase constant of the bound mode. Integration along the real axis and round the poles carried out by the residual theorem provides the phase and the leakage constant of the mode leaking into the substrate. By analogy, when in addition the path crosses the branch cut around the branch point we again have the phase and leakage constant but power is taken away into the substrate and into the space. The microstrip line, Fig. 2 , is a dual structure to the slotline. Its analysis is the same as in the slotline case, but instead of the electric field in the slot there are longitudinal and transversal current density components on the strip. Eqs. (12) and (13) The basis functions have to fit as well as possible the electric field in the slot or the current density on the strip, in order to account for their behavior at the metal edge, and their Fourier transform must be available. We distinguish even and odd modes according to the symmetry of E,(x,h) or J(x,h) with regard to the y axis. In the past Chebyshev polynomials and circular functions combined with the Maxwell distribution, i. e., the edge-condition term, were used as basis functions. Both choices provide practically the same numerical results. Basis functions are nonzero only for xl.<w/2. We work with circular functions and for even modes For brevity the basis functions can be found in [11] . The field components are determined by the backward Fourier transform functions computed in the propagation constant search. P is the time averaged power flow along the line and by Parseval's theorem it can be computed in the spectral domain.
III THEORETICAL ACHIEVEMENTS AND PRACTICAL
CONSEQUENCES
A survey of our achievements in recent years in investigating slotted planar transmission lines is presented in this section. The dispersion characteristics, field distribution and measured data will be accompanied by a brief commentary.
The stripline, the microstrip line, the coplanar waveguide and coplanar strips had already been investigated by several research groups round the world. This previous work therefore determined our initial orientation to the slotline and to its modifications.
It had been accepted for a long time that the excitation of the surface leaky mode demarcates the frequency band of pure bound mode propagation on a slotline. However, in addition to this known first leaky mode we revealed the occurrence of a second leaky mode, shown in Fig. 3 , [101. The field distribution computed by the CST Microwave Studio confirmed our theoretically predicted leaky modes. Fig. 4a shows E, of the 1st and 2nd leaky mode, while Fig. 4b demonstrates H, of the 2nd leaky mode and the decreasing amplitude of the field along the slot due to the leakage into the substrate. 7 The normalized upper frequency cutoff ofthe dominant bound mode determined by simultaneous propagation ofthe second leaky mode (h/2C2).
uU----------u----------
The slotline is sometimes located on the top of a cooling radiator or on the bottom of a shielding box. Consequently, we have a conductor-backed slotline, Fig. 8 . In the past it was shown that only leaky modes are allowed on this line. We have revealed two new findings supplementing the previous thinking. These are: the existence of a dominant unbounded mode and double degeneration of the mode leaking into the substrate. Y w Fig. 8 Cross-section of a conductor-backed slotline.
It turned out that when the integration path on the complex plane ; is along the real axis on which the poles of the Green function are located, the propagation constant of that mode is real. The mode propagates unattenuatedly along the line and possesses a standing wave character in the lateral direction in the substrate, and has a zero cutoff. Such a field results from a TEM wave incident at an angle to the region below the slot, where the effective permittivity is lower than the permittivity of the substrate between conductive parallel plates. The total reflection springs up at the blurred boundary of these two permittivities. The field does not pass to the area on the opposite side of the slot, but is coupled through the slot to the air. The situation is illustrated in Fig. 9 . However, the field excited by the real source is reflected from the rear and lateral walls of the substrate with finite size, and is incident under Fig. 9 Electric field component E, in, and perpendicular to, the substrate of the TEM mode, and coupled into air through the slot, when wh=6 mm, cr=2.6 andf-5 GHz.
P-VII various angles to the region below the slot. The reflections from the sidewalls substitute the absent source at infinity. The wavelength of the "semi-standing" wave varies slightly due to the different angles of incidence, as was confirmed by measurements, Fig. 10. bound mode propagates from zero to the cutoff of the wave propagating in the partitioned dielectrics between parallel plates. The dispersion equation has a multivalue solution. This feature has been manifested on the dispersion characteristics evolving with the slotwidth. When the slotwidth is greater than the substrate thickness the previous complex nonphysical solution merges Another more easily achievable solution is to modify the line by putting an additional dielectric on its top according to Fig. 13 and c2>C3>EI . The dispersion characteristics of the even bound and two leaky modes are shown in Fig. 14 . The dominant mode is bound in all three dielectrics and propagates from zero frequency. We checked the excitation of that mode on the line with a plexiglass substrate and a glass slab on top, dots in Fig. 14 A conductor-backed slotline is not suitable for signal transmission owing to the leakage and the presence of the not bound dominant mode. To eliminate this shortcoming the substrate is divided into two layers. The bottom layer has lower permittivity than the top layer. Now the dominant The motivation for investigating a flat waveguide with a longitudinal slot, Fig. 21 We have again identified even and odd modes on the guide. The dispersion characteristics of the first five modes are plotted in Fig. 22 . These are the space leaky modes, and correspond to the modes of the rectangular waveguide perturbed by the longitudinal slot. The first space leaky mode is related to the dominant mode of the waveguide TE]O. The second mode corresponds to the TM,, mode, and the field of the third mode resembles the field of the TE11 mode. The fourth space leaky mode is a modification of the TM12 mode, while the fifth has a link to the TE12 mode. Their phase constants trace the propagation constants of the modes in an unperturbed waveguide, dots in Fig. 22 . Similarly, the attenuation constant, typical for evanescent modes below the cutoffs, coincides with the leakage constant, circles in Fig. 22 . Accordingly, a waveguide with a narrow slot does not radiate since the leakage constant is very great below the cutoff. It also does not radiate above the cutoff, since the leakage constant is almost zero. The narrower the slot width, the closer together are the frequencies at which ,B and a approach zero. The space leaky mode converts into a bound mode when f,=ko, as is shown in Fig. 23 drawn for even modes. When a dielectric slab with permittivity &r>I and thickness hs is placed on the top of the guide with er,=er2=1 in Fig. 21 we get the dispersion characteristics shown in Fig. 24 . The initial space leaky mode converts into the bound mode, which leaks above the spectral gap into the slab. 
